I. INTRODUCTION
H IGH-VOLTAGE (HV) pulse transformers are widely used in klystron modulators. For these topologies, the quality of the modulator output voltage is strongly dependent on the pulse transformer performance. An optimal design process is a necessity, particularly when the specifications of the output voltage are tight such as in the case of the compact linear collider (CLIC) klystron modulator under study at CERN [1] . This paper presents the development of a CAD environment using a direct nonlinear optimization design procedure and a pulse transformer electromagnetic dimensioning model based on 2-D finite-element analysis (FEA) only to get rid of the usual simplified analytical modeling used in [3] , [4] , [10] , [12] , and [14] . For each iteration of the nonlinear optimization process, the transformer parameters used to compute the design objective and constraints functions are directly derived from the 2-D FEA dimensioning model.
II. HIGH-VOLTAGE PULSE TRANSFORMERS
IN KLYSTRON MODULATORS The HV pulse transformer to be designed is used in a solid-state klystron modulator presented in Fig. 1 topology, a capacitor bank is charged around 10 kV and this voltage is applied to the pulse transformer primary winding by use of a solid-state switch. According to the transformer ratio, a 150-kV output voltage pulse is delivered to the klystron. The bouncer is an auxiliary power converter that is compensating the capacitor voltage droop during its discharge in order to control the output pulse flat top [1] , [2] . At the end of the pulse, the core magnetizing energy is absorbed by a demagnetizing circuit connected on the primary side. Several structures of such monolithic HV pulse transformers can be found in [3] , [10] , [12] , and [14] . In this paper, the optimal design methodology using a direct 2-D FEA optimization process is applied to a conventional transformer topology using a laminated core, two primary windings placed on each core leg and connected in parallel, two secondary HV windings wound above the primary windings and connected in series [4] . It is presented in Fig. 2 .
An auxiliary winding supplied by a dc current source is also implemented to provide a core premagnetization with a negative flux density before the application of the voltage pulse. With such an arrangement, a bipolar magnetic flux excursion is performed during the application of the unipolar voltage pulse and the transformer core mass and volume can be minimized during the design process [3] , [4] . 0093 -3813 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 
III. HIGH-VOLTAGE PULSE TRANSFORMER DIMENSIONING MODEL

A. HV Pulse Transformer Design Problem
High performance klystron modulators impose tight design specifications to the monolithic HV pulse transformer [1] , [4] , [10] . With large flat pulsewidths and high pulse repetition rates, the pulse rise and fall times must be minimized to improve the total power consumption of the modulator. To perform such design objectives in terms of output pulse quality, it is mandatory to develop an accurate dimensioning model of the HV transformer leakage inductances and parasitic capacitances in order to control its dynamics during the optimal design process [4] , [13] .
B. HV Pulse Transformer Equivalent Circuit
The lumped-parameter equivalent circuit of Fig. 3 is derived from a conventional transformer model with distributed capacitance [3] - [5] .
If the propagation phenomenon is neglected, the transformer electromagnetic model is decoupled in two separate models: 1) an electrostatic model used to directly identify the capacitances by 2-D FEA electrostatics and 2) a magnetostatic model used to directly identify the inductances by 2-D FEA magnetostatics [4] , [5] . With such a modeling approach, a 2-D FEA dimensioning model of all the electrical equivalent circuit is established if a linear-distributed voltage in windings is assumed (Fig. 4) .
C. HV Pulse Transformer Generic Dimensioning Model
The transformer dimensioning model can be derived from the electrical equivalent circuit and the determination of its components in terms of dimensions and material data. A generic dimensioning model of the monolithic HV pulse transformer is presented in Fig. 5 . It includes the preceding electromagnetic dimensioning model, a simplified thermal modeling tool and a simple mechanical modeling tool used to evaluate the structural behavior of the transformer operated in pulsed mode. The output voltage pulse is determined by simulation of the modulator electrical modeling that is including a transformer equivalent circuit derived from the electromagnetic dimensioning model.
IV. OPTIMAL DESIGN OF HIGH-VOLTAGE PULSE TRANSFORMER USING 2-D FINITE-ELEMENT ANALYSIS
In the case of HV transformers, it is difficult to obtain an analytical electromagnetic dimensioning model that is sufficiently accurate to perform an optimal design of the transformer in terms of dynamical performances. In a previous design approach developed by Viarouge et al. [4] , field computation techniques based on 2-D FEA have already been implemented in the CAD environment but only to validate or correct the analytical electromagnetic dimensioning model. In this paper, a new efficient optimal design methodology is presented that is using a direct 2-D FEA electromagnetic dimensioning model during the transformer optimization process. The dimensioning model based on 2-D FEA only is presented in Fig. 6 .
The 2-D finite-element solver FEMM4.2 [7] controlled from Excel via a script is used for an automatic computation of the magnetic and electrical fields.
The simulated experiment concept has been applied to perform direct FEA identification tests of the electrical equivalent circuit components. With such an approach, no simplified analytical expressions of the inductances and capacitances are used. 
A. 2-D FEA Identification of Transformer Inductances
The following are the two FEA identification tests based on magnetostatic field computations that are performed for the determination of the magnetizing and leakage inductances. 1) Open Secondary FEA Test: The magnetizing inductance is derived from the FEA computation of the magnetic energy stored during transformer no-load operation. 2) Short-Circuit FEA Test: The total leakage inductance is derived from the FEA computation of the magnetic energy stored during transformer short-circuit operation.
B. 2-D FEA Identification of Transformer Capacitances
2-D electrostatic field computations have been performed to identify the three lumped capacitors of the electrical equivalent circuit of Fig. 3 . The three lumped capacitors C 11 , C 22 & C 12 can be derived from the electrostatic FEA simulations of three different tests presented in Fig. 7 
The distributions of voltage in pulse transformer tank corresponding to the three identification tests are presented in Fig. 8(a)-(c) . When a linear vertical rated voltage distribution is imposed along the height of the primary and secondary coils, one obtains the distribution of Fig. 8(c) . Fig. 9 presents the structure of the final CAD environment with the global optimization approach using the previous 2-D FEA electromagnetic dimensioning model. A nonlinear constrained optimization procedure based on the generalized reduced gradient method is used to find the optimal design solution [6] . The dimensions of the structure (core and coils) and the primary turn number are the state variables of the optimization problem. They are used to launch directly the described 2-D FEA identification techniques in order to directly derive the equivalent circuit parameters of the transformer. In the analytical electromagnetic dimensioning model, these parameters were derived from explicit simplified analytical expressions of the state variables [4] . In the 2-D FEA electromagnetic dimensioning model developed in this paper, these parameters are directly derived from the state variables by the FEA identification procedures. With the efficient generalized reduced gradient (GRG2) algorithm implemented in the built-in Excel solver add-in, one can get rid of the FEA mesh discretization influence on the convergence of the optimization process. Several optimization scenarios using different design objectives and constraint functions can be easily tested by the designer. The CAD environment is versatile.
C. High-Voltage Pulse Transformer Design With Global Optimization Approach Using 2-D FEA
V. VALIDATION OF THE 2-D FEA IDENTIFICATION METHOD
The proposed 2-D FEA identification method has been validated on a transformer prototype with one primary and one secondary winding only placed on the same leg of a ferrites magnetic core (Fig. 10) . On the one hand, the parameters of the transformer electrical equivalent circuit have been determined by the proposed 2-D FEA identification method. On the other hand, a specific experimental identification method also developed in [8] has been used to experimentally derive the parameters of the transformer electrical equivalent circuit. The results are listed in Table I . One can verify that the prediction model is in accordance with the measurements.
VI. EXAMPLE OF PULSE TRANSFORMER OPTIMIZATION
The proposed methodology has been applied to investigate the preliminary pulse transformer design for the CLIC klystron modulator under study at CERN [1] , [3] . The CLIC will need 300 MW of average power feeding 1638 klystron modulators with tight dynamical specifications in terms of rise time for a relatively long flat-top width (Fig. 11) . The efficiency must be high enough to minimize the total power consumption of the accelerator complex. The modulators will be operated at a 150 kV/160 A (24 MW) in pulsed mode.
A. Preliminary CLIC Pulse Transformer Optimal Design
The constraints of the optimization problem listed in Table II are the specifications of the modulator, the transformer overall dimensions, its copper losses and the characteristics of the magnetic and insulation materials used.
The following are the three state variables of the transformer design optimization problem:
1) the primary turn number; 2) the height of the coils; 3) the core width. Some parameters are fixed by the material physical properties and characteristics. They can be eventually changed in other optimization scenarios to perform a sensitivity analysis of their influence on the optimal design. The different pulse specifications, the maximal saturation flux density in the core and the acceptable limits of the overall transformer dimensions are set as inequality constraints of the optimization problem. The objective function to minimize is the total weight of the transformer active parts excluding the oil in the tank. Two transformer configurations have been optimized one configuration with: 1) a constant space between the primary and secondary coils and 2) a conical shape of the secondary windings. The optimization procedure was operated in multistart mode to avoid the convergence on local minima of the objective function in the space of feasible solutions bounded by the constraints. The feasibility of the CLIC monolithic pulse transformer with the imposed specifications has been demonstrated. All the constraints including the voltage rise time and voltage overshoot specifications are respected for the optimal solutions found for both configurations under study. The optimal transformer weights are listed in Table III . The conical winding configuration complicates the transformer production process, but it does not significatively increase the performance. 
B. Validation of the Optimal Design by 3-D FEA Simulation
The optimal solution of the first transformer configuration was simulated with a 3-D FEA code to further investigate the influence of the 2-D FEA assumptions used in the proposed design methodology. The results of the 2-D and 3-D FEA simulations in terms of equivalent circuit parameters and voltage pulse characteristics can be compared in Table IV . One can notice that the difference on the pulse rise time and overshoot are 3% and 0% only. This is an important result for the validation of the use of the 2-D assumption in the proposed transformer optimization process because time consuming 3-D FEA simulations are not well adapted to an iterative process. The error on the rise time is low despite the fact that the most important errors related to the 2-D assumption occur on the capacitance values. The rise time depends on both the capacitance and inductance values and in the absence of overshoot imposed by the specifications constraints, the errors on the inductance and capacitance values partially compensate each other in the computation of the rise time. Both 3-D and 2-D models are then in accordance when no pulse overshoot is allowed.
The magnetic flux density distribution for short-circuit operation (Fig. 12) and the electrical field density distribution for the test V 1 = 0 and V 2 = 150 kV ( Fig. 13 ) with 2-D FEA and 3-D FEA can be compared. On the plane where 2-D FEA is performed, one can notice that the results obtained by 2-D and 3-D FEA are in accordance. The differences between 2-D and 3-D FEA mainly occur in the windings corners where one can see that the magnetic field is more homogeneous than the electrostatic field. Consequently, the error on the capacitances is larger than the error on the leakage inductance. There is no significative difference between 2-D and 3-D approach for the magnetizing inductance estimation.
VII. CONCLUSION
An efficient optimal design methodology of monolithic HV pulse transformers based on the direct 2-D FEA identification of the electrical equivalent circuit parameters has been presented. It can be used for a wide range of pulse transformer applications. This method has been validated on a prototype of ferrites pulse transformer and successfully applied to the preliminary optimal design of the monolithic pulse transformer for the future CLIC modulators under study at CERN. The feasibility of such a transformer with tight specifications has been demonstrated. The predicted performances obtained with the direct 2-D FEA optimization process have been compared and validated by 3-D FEA simulation.
